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ABSTRACT
AMI observations towards CIZA J2242+5301, in comparison with observations of weak grav-
itational lensing and X-ray emission from the literature, are used to investigate the behaviour
of non-baryonic dark matter (NBDM) and gas during the merger. Analysis of the Sunyaev-
Zel’dovich (SZ) signal indicates the presence of high pressure gas elongated perpendicularly
to the X-ray and weak-lensing morphologies which, given the merger-axis constraints in the
literature, implies that high pressure gas is pushed out into a linear structure during core
passing. Simulations in the literature closely matching the inferred merger scenario show the
formation of gas density and temperature structures perpendicular to the merger axis. These
SZ observations are challenging for modified gravity theories in which NBDM is not the
dominant contributor to galaxy-cluster gravity.
Key words: galaxies: clusters: individual – methods: observational – techniques: interfero-
metric – large-scale structure of the Universe – dark matter.
1 INTRODUCTION
Mergers between galaxy clusters can be used to study the behaviour
of non-baryonic dark matter (NBDM) and cluster gas (see e.g.
Ricker & Sarazin 2001, Clowe, Gonzalez & Markevitch 2004, and
Dawson et al. 2012). During a merger the NBDM and galaxies
interact only gravitationally. The gas components interact through
ram pressure and slow as they move closer together. The gas and
NBDM components of the merging clusters thus become dissoci-
ated from each other. If the merging system is (a) close to head-on
between clusters of similar mass, (b) happening approximately in
the plane of the sky, and (c) observed shortly after first core pas-
sage, then this dissociation may be large enough to be observed.
A small number of merging clusters have been reported to show
these qualities, such as the Bullet cluster (see Clowe, Gonzalez &
Markevitch 2004), A2146 (e.g. King et al. 2016) and the Sausage
cluster (CIZA J2242+5301, references below) with which this pa-
per is concerned.
CIZA J2242+5301 (z= 0.192; Kocevski et al. 2007) hosts
synchrotron-emitting, Mpc-scale radio relics (visible from
0.15 GHz up to 30 GHz) that result from shocks from cluster
? Email:cr461@mrao.cam.ac.uk
merging (see e.g. van Weeren et al. 2010, van Weeren et al. 2011,
Stroe et al. 2013, and Stroe et al. 2016).
van Weeren et al. (2010), Ogrean et al. (2013), Ogrean et al.
(2014) and Akamatsu et al. (2015) use X-ray observations to re-
veal, for example, an elongated X-ray structure, temperature jumps
coincident with the radio relics, and the temperature distribution of
the cluster.
van Weeren et al. (2011) perform hydrodynamical sim-
ulations of radio relic formation from mergers and find that
CIZA J2242+5301 is well described by two approximately equal-
mass clusters merging with low impact parameter, with merger axis
about north-south and ≤10◦ from the plane of the sky.
Using weak-lensing data, Jee et al. (2015) produce mass dis-
tribution maps and estimate a total mass within r200 of ≈2×1015 M.
The mass and X-ray structures have major axes that are orientated
with position angles (PA) ≈30◦ and ≈20◦ respectively. Lensing
maps show a double-peaked mass distribution, interpreted as the
two NBDM components that have passed through each other. As
expected, the mass distribution peaks coincide with cluster galaxy
distribution peaks presented by Jee et al..
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Figure 1. Left: Low-noise region of the 61+19 point LA map. Contours are ±3σLA to ±10σLA, where σLA is the noise level at the map centre ≈60 µJy. At the
Sausage relic the noise level is ≈25µJy. Right: the same region observed by the SA. Contours are ±3σSA to ±10σSA, where σSA is the noise at the map centre
≈98 µJy. In all AMI maps the half power contour of the synthesised beam is shown in the bottom left-hand corner.
Figure 2. Noise map of the LA concatenated data. Noise levels are shown
in the colour bar and calculated using the aips task imean.
2 AMI AND OBSERVATIONS
The Arcminute Microkelvin Imager (AMI) consists of two in-
terferometer arrays: the Small Array (SA), made up of ten 3.7-
m antennas with 5–20-m baselines giving 3' resolution and the
Large Array (LA), formed of eight 12.8-m antennas with 18-
110 m baselines giving 30'' resolution (see e.g. Zwart et al. 2008).
CIZA J2242+5301 was observed with both arrays between July
2012 and February 2013 towards the ROSAT centroid at 13.9-
18.2 GHz with a central frequency of 15.7 GHz and channel band-
width of 0.72 GHz. Single-pointed SA observations, covering the
positions of both north and south radio relics, were made for a total
of 14 hours. Initial LA observations were 61-point mosaics corre-
sponding to the SA primary beam, in which each of the central 19
pointings are observed for 3 times longer than each of the outer
pointings. Further LA observations were 19-point and 7-point mo-
saics focusing on the complicated source environment close to the
cluster, for a total of 25 hours. A final 8-hour LA observation was
made of the Sausage relic itself using 4 points along the length of
the structure. This produced the noise distribution shown in Figure
2. These observations were used in studies of the radio emission in
Stroe et al. (2014b) and Stroe et al. (2016).
Flux calibration, data reduction and imaging is carried out as
described in Rumsey et al. (2016), summarised here. Flux cali-
bration was performed using observations of 3C 48, 3C 286 and
3C 147, with 3C 286 calibrated against VLA measurements from
Perley & Butler (2013) and 3C 48 and 3C 147 standard flux densi-
ties set from long-term AMI monitoring of these sources. Reduc-
tion of raw data is carried out in our in-house reduction software re-
duce where data are flagged for interference, Fourier transformed,
calibrated, and written out as uv-fits files which are concatenated
into a single data set for each array. Imaging of AMI LA and SA
data is done using aips. The aips task imagr is used to deconvolve
the “dirty” map and perform simple clean-ing steps. The task imean
is used to determine map noise levels. These procedures are run in
an automated fashion, using natural weighting, to produce an SA
map and LA maps for each channel. LA and SA maps are shown
in Figure 1. Mapped LA channel data are used with the Source-
Find algorithm (Franzen et al. 2011), which searches for peak flux
densities greater than 4σLA and calculates flux density and spectral
index estimates at these positions.
The complementary resolutions of the SA and LA allow both
sensitivity to the large-scale SZ signal and subtraction of con-
fusing source environments (see e.g. Perrott et al. 2015, Rum-
sey et al. 2016). However, much of the radio emission in the
CIZA J2242+5301 field is extended so the LA map does not pro-
vide an accurate model of the SA source environment. At AMI fre-
quencies the SA map source flux densities are likely to be contam-
inated by SZ and at low resolution the diffuse material is blended
with nearby point sources. We have therefore used both LA and SA
maps to form a model of the SA source environment (Section 3.1).
3 DATA ANALYSIS
Analysis of AMI observations of clusters is usually performed (see
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Table 1. Point sources in the field of the CIZA J2242+5301 system as ob-
served by the LA and identified as point-like by Source-find and visual in-
spection of the map. Column 1 and 2 show the source J2000 RA and Dec
from the LA map, and column 3 shows the LA flux density.
Right Ascension Declination Flux density (mJy)
22 42 52.55 +53 04 47.41 10.1 ± 0.5
22 41 33.09 +53 11 06.53 8.5 ± 0.6
22 42 05.32 +52 59 31.82 6.3 ± 0.3
22 43 18.88 +53 07 15.74 2.6 ± 0.1
22 41 59.20 +53 03 58.13 2.1 ± 0.1
22 42 47.49 +53 05 35.68 2.0 ± 0.1
22 42 45.10 +53 08 07.81 1.75 ± 0.09
22 42 50.91 +53 00 44.05 1.6 ± 0.1
22 43 37.58 +53 09 16.11 1.4 ± 0.1
22 42 25.77 +52 58 16.80 0.58 ± 0.08
22 42 04.18 +53 01 53.55 0.46 ± 0.07
22 43 37.38 +53 05 07.91 0.38 ± 0.05
22 43 04.65 +52 57 09.13 0.33 ± 0.07
22 43 04.82 +53 02 06.71 0.25 ± 0.06
22 43 03.04 +53 07 47.38 0.17 ± 0.03
22 43 16.84 +53 05 51.74 0.15 ± 0.03
e.g. Rumsey et al. (2016)) using the Bayesian analysis package
McAdam (Feroz et al. 2009) which employs the fast sampler multi-
nest (Feroz & Hobson 2008, Feroz, Hobson, & Bridges 2009 and
Feroz et al. 2013) to fit simultaneously both a cluster model and a
source-environment model to the SA data in uv-space. The source-
environment model usually consists of delta priors on the source
positions and Gaussian priors for the flux densities and spectral
indices, typically determined from LA observations. The cluster
model is described in Olamaie, Hobson & Grainge (2012) and Ola-
maie, Hobson & Grainge (2013), and uses NFW-like profiles to de-
scribe the gas pressure profile and the dark-matter density profile.
The model also assumes a spherical geometry, hydrostatic equilib-
rium (HSE) within r2001 (but not within lower radii), the “univer-
sal” profile (Arnaud et al. 2010), and requires that the gas fraction
is small compared to unity within r200 (but not within lower radii).
Given previous observations of CIZA J2242+5301 (see Sec-
tion 1), available analytical cluster models, such as that described
above and in Rumsey et al. (2016), are likely a poor fit to the SZ sig-
nal. We therefore adapt the usual analysis to deal more accurately
with the diffuse emission in the field and the very disturbed, merg-
ing system. This is achieved by adopting a three-stage process. The
first two stages consist of constructing a model for the point sources
and diffuse emission to obtain posterior estimates of the source en-
vironment from LA and SA data, providing delta priors on source
positions and Gaussian priors on flux densities for the analyses in
Section 3.2. The final stage uses this “source-environment” model
in further analyses to search for possible multiple SZ centres asso-
ciated, for example, with the two NBDM concentrations, to provide
a potentially improved fit to the observations (see Section 3.2).
3.1 Source-environment modelling
With a resolution of ≈3 arcmin, the SA map shows much of the
1 The cluster radii internal to which the mean density is 200 times the crit-
ical density at the cluster redshift.
large-scale radio emission in the field, notably the Sausage relic
with a peak surface brightness of around 3 mJy beam−1. The point
sources in the field are blended with the large-scale radio emission.
With a resolution of ≈30 arcsec, the LA map resolves the Sausage
relic from surrounding sources and resolves out the SZ effect and
much of the larger scale radio emission, giving a much lower peak
brightness of ≈350 µJy beam−1. We construct a source-environment
model that describes both point sources and large-scale radio emis-
sion using both the LA and SA data, with an iterative two-part
McAdam analysis, as outlined below.
3.1.1 Point-source-only modelling
First, map-plane Source-Find-ing of LA data identifies local max-
ima with flux values above 4σ; this includes not only point sources
in the LA map but also resolved peaks of the extended emission in
the Sausage relic and to the east and south of the merger. Thus, only
sources visually determined to be point sources from the LA map
and higher resolution maps in e.g. Stroe et al. (2013) are retained.
The positions of these sources and the LA flux density estimates
are detailed in Table 1.
This point-source model is used as input to McAdam. The
priors on the point source parameters are summarised in Table 2.
Point-source position priors are delta functions on the LA position,
and Gaussian priors are placed on the LA flux estimate and the
spectral index (either from the LA channel data or based on the
10C survey). Faint point sources far from the expected SZ signal
and the diffuse emission are given delta priors on both position and
flux density.
The priors on cluster parameters used in McAdam for this anal-
ysis are given in Table 3 (set I). The prior on cluster mass internal to
r200, Mtot, r200 , is uniform in log in the range 1×1014M – 6×1015M,
despite previous mass estimates from van Weeren et al. (2011) and
Jee et al. (2015), to allow parameter estimates to be as data driven
as possible. Given the large angular extent of the merger shown in
X-ray and lensing maps it is not clear where in the system the peak
SZ will be seen, so in initial analyses a Gaussian cluster position
prior with σ= 180'' is used on the map centre (Table 3, set I). The
prior on the gas fraction internal to r200, fgas, r200 , is a narrow Gaus-
sian centred at 0.13 with σ=0.02 (see e.g. Vikhlinin et al. 2006,
Vikhlinin et al. 2009a and Komatsu et al. 2011) and the pressure-
profile shape parameters are given delta priors at the “universal”
values of Arnaud et al. (2010).
The point-source parameters produced from this analysis are
then subtracted from the SA uv-data resulting in the map shown in
the left of Figure 3. Comparing with the right panel in Figure 1 the
diffuse emission appears no longer blended with the point sources
and is seen in three regions of the map: the most significant is the
Sausage relic itself to the north of the map; another region to the
east of the cluster appears to coincide with extended emission in
lower frequency maps (see e.g. Stroe et al. 2013); a small amount
of emission is seen to remain from the “Southern Sausage” visible
in lower frequency maps to the south and south-west of the cluster.
There is also an area of unexplained emission to the south-east,
noted by Stroe et al. (2014b), which does not appear to correspond
to lower frequency emission.
3.1.2 Full source-environment modelling
The diffuse emission remaining in the SA map is then modelled as
collections of point sources separated by between 1.2 and 1.6 ar-
MNRAS 000, 1–8 (0000)
4 Rumsey et al.
Table 2. Summary of the priors used on source parameters for point source and sources modelling diffuse emission. These priors are used in all analyses
detailed in Table 3.
Point source parameter Prior
Position (xs, ys) Delta-function at LA position
Flux density (S 0/Jy) > 4σSA Gaussian at LA value, with σ= 40 per cent of LA flux density
Spectral index when S 0 > 4σSA Gaussian centred at LA-fitted spectral index with σ= LA error, or prior based on 10C; see Section 3
Flux density (S 0/Jy) < 4σSA Delta-function at LA value, unless close to cluster
Spectral index when S 0 < 4σSA Delta-function centred at LA-fitted spectral index, or based on 10C; see Section 3
Extended emission parameter
Position (xs, ys) Delta-function at position based on LA and SA map position
Flux density (S 0/Jy) Gaussian at SA value, with σ= 40 per cent of SA flux density
Spectral index Gaussian centred at spectral index based on 10C or Stroe et al. (2013) and Stroe et al. (2016)
Table 3. Summary of the priors used on cluster parameters in the model described in Section 3. Mtot, r200 and fgas, r200 are the total mass internal to r200 and gas
fraction internal to r200, respectively. Three analyses are run with the full source environment. Analyses done to form the full source environment model use
the priors in column 2 (see Section 3.1).
Parameter Prior - set I Prior - set II Prior - set III
Cluster position
(xc, yc/arcsec)
Single Gaussian at SA pointing centre,
σ= 180 arcsec
Double Gaussian at lensing peaks,
σ= 60 arcsec
Double Gaussian at SZ mode positions,
σ= 60 arcsec
Mass
(Mtot, r200 /M)
Uniform in log space between 1×1014
and 6×1015
Uniform in log space between 1×1014
and 6×1015 for each cluster
Uniform in log space between 1×1014
and 6×1015 for each cluster
Gas fraction
( fgas, r200 )
Gaussian with µ= 0.13, σ= 0.02 Gaussian for each cluster with µ= 0.13,
σ= 0.02
Gaussian for each cluster with µ= 0.13,
σ= 0.02
Shape parameters
(a, b, c, c500)
Delta-functions with “universal” values,
see Arnaud et al. (2010)
Delta-functions with “universal” values Delta-function with “universal” values
cmin – half the dimensions of the minor and major axes of the half-
power contour of the synthesised beam (shown in the bottom left
of the SA maps in Figure 1 and 3). The positions of these “mock”
sources are chosen by visual inspection of the diffuse emission. Es-
timates of the flux density of the “mock” sources are made from the
point-source-subtracted SA map (Figure 3) at these positions and
used as priors. A simulated SA observation of the seven sources
used to model the Sausage relic verifies that they are equivalent to
a line source at the resolution of the SA, approximating the Sausage
relic. Given the SA synthesised beam, shown in Figure 4, sidelobes
from the large decrement may be boosting the diffuse emission by
up to 10 per cent.
The “mock” sources approximating the extended emission are
added to the point-source list with wide priors to allow for the pos-
sible SZ contamination of SA-map flux densities and for the possi-
ble contribution of sidelobes from the SZ signal.
This combined source-environment model is then used as in-
put to a second McAdam analysis. The priors assumed on the pa-
rameters of these sources are summarised in Table 2. The priors
on the cluster parameters are the same as those used in the first
McAdam analysis (Table 3, set I).
After subtracting the flux-density estimates obtained in this
second McAdam analysis, almost all of the extended emission ap-
pears to have been accurately removed, as shown in the right-hand
panel of Figure 3 (which also shows the positions of the full source
list).
3.2 SZ measurement
In all SA maps of CIZA J2242+5301, the SZ decrement is clearly
non-circular and always appears elongated east-west. Several test
analyses have been conducted using the same cluster and point-
source priors as previously but with different modelling for the ar-
eas of extended emission. The cluster-parameter estimates do de-
pend on the diffuse-emission modelling, but this dependence can-
not account for the double-structure and elongation of the SZ decre-
ment.
All analyses find two modes i.e. two areas of the parameter
space with high probability values; the Bayesian evidence values
of each mode in a pair are always close and thus do not suggest
one mode is dominant. Posterior probability distributions for the
analysis in which the full source-environment modelling is used
are shown in Figure 5. The distributions in position are clearly bi-
modal; probability distributions of other parameters are similar be-
tween the modes which are marginalised in Figure 5. We will refer
to the mean position estimates of the two modes from this analysis
as the “SZ mode positions” from here on.
We have investigated if there are gas mass peaks coincident
with the lensing-mass peaks, hidden in the previous analysis by the
source environment. Accordingly, we model two spherical clusters
instead of one by using two sets of cluster priors with position pri-
ors centred on the two Jee et al. (2015) lensing peaks each with
σ= 60'' (Table 3, set II). The parameter values fitted are similar to
those of the modes but the position posteriors are pulled away from
MNRAS 000, 1–8 (0000)
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Figure 3. Left: SA map of CIZA J2242+5301 after subtraction of LA point sources (σ≈ 96 µJy). Right: full source-environment modelled in the analysis and
subtracted (σ≈ 97 µJy). Contours are ±3σ to ±10σ. ‘×’ show sources that are given Gaussian priors on flux density and spectral index, and ‘+’ show those
modeled with delta priors. Squares show fitted cluster positions, diamonds show lensing-peak positions.
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Figure 4. Synthesised beam shape of the SA for CIZA 2242+5301 obser-
vations detailed in Section 2.
the priors (diamonds in Figure 3) towards the SZ mode positions
(squares in Figure 3). Similarly, the source-subtracted map shows
the same elongated decrement as the previous analyses. When re-
peated using the SZ mode positions as position priors (Table 3,
set III), parameter estimates and SA map decrement are very little
different compared to the bi-modal fit (probability distributions are
given in Figure 5 and SA map decrement is shown in the right panel
of Figure 3). Whether modelled as single-structured (using priors
for one cluster at the pointing centre) or double-structured at two
different PAs (using two sets of cluster priors either at PA≈30◦ or
≈100◦), the cluster posteriors are always very similar, giving total
mass estimates of about 1×1015 M, and resulting in an SZ decre-
ment close to that seen in Figure 3.
Analysis of the SZ decrement therefore strongly indicates a
double-structured signal that is elongated along PA≈100◦ with a
0 5
x 10−5
YSZ, r200
y c
0
50
100
150
M
to
t, 
r 20
0
2
4
6
8
x 1014
f ga
s,
 r 2
00
0.08
0.1
0.12
0.14
0.16
0.18
r 2
00
1.2
1.4
1.6
1.8
M
ga
s,
 r 2
00
5
10
x 1013
T S
Z,
 r 2
00
1.5
2
2.5
3
3.5
xc
Y S
Z,
 r 2
00
−200 0 200
0
5
x 10−5
yc
0 100
Mtot, r200
2 4 6 8
x 1014
fgas, r200
0.08 0.16
r200
1.2 1.6
Mgas, r200
5 10
x 1013
TSZ, r200
1.5 2.5 3.5
Figure 5. Marginalised posterior probability distributions for some key fit-
ted parameters for the bi-modal analysis, using the full source environment
model. Mtot, r200 and fgas, r200 are the total cluster mass within r200 and the
gas fraction within r200, as shown in Table 3. Mgas, r200 is the gas mass
within r200, TSZ(r200) (in keV) is the gas temperature at r200, and YSZ, r200
(in Mpc−2) is the Comptonization parameter integrated over the angle sub-
tended by the cluster. r200 is given in Mpc.
length of some 1.7 Mpc. For all analyses, a very small amount of
degeneracy is seen between cluster parameter estimates and the
flux densities of the three closest point sources to the decrement
(sources shown by the crosses in Figure 3; LA flux densities given
in rows 2, 8 and 14 of Table 1). These degeneracies are shown in the
marginalised probability distributions for the two-cluster analysis
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using the SZ mode positions (Table 3, set III), in Figure 6, labelled
S1, S2 and S3 in order of decreasing flux density. The low degen-
eracy confirms that our cluster analysis is not significantly affected
by the presence of these sources, due to the large angular extent of
the system and the relatively low flux density of the sources.
The analyses conducted have tested how the diffuse emission
and different cluster structures in the modelling impact on the re-
sulting parameter estimates and map decrement: these show that
the SZ shape has not been produced or biased by the source en-
vironment or the modelling. However, it is reasonable to expect a
small amount of bias in the decrement depth – see Figure 4 – and
consequent bias in parameter estimates. Nevertheless, the bias in-
troduced into the parameter estimates by the source environment
is small compared with other sources of bias described in rest of
this paragraph. The SZ structure is not consistent with the “uni-
versal” profile and the assumed geometry and HSE (detailed in
Section 3). Although Rumsey et al. (2016) show that our analy-
sis pipeline is robust against some departures of clusters from the
“universal” profile, the merger stage here cannot be accommodated.
In addition, the angular size of the cluster is problematic for AMI.
SZ signal missed due to baseline length depends on uv-coverage
and true-surface brightness distribution; Gaussian circular emission
with FWHM 3' will be negligibly attenuated by the SA while such
emission with FWHM 6.5' will be attenuated by a factor ≈ 2. How-
ever, emission 6.5' long but narrow – similar to the SZ seen – will
suffer little attenuation. The SA maps are thus indeed able to show a
narrow structure of high line-integrated-pressure gas in the ICM. It
is reasonable to expect the SA mass estimates to be biased low, and
assume the mass of the whole merging system given by Jee et al.
(2015) from weak lensing as ≈2×1015 M to be the most accurate
so far.
4 COMPARISON WITH LENSING, X-RAY, AND RADIO
RELICS
The X-ray and lensing PAs are consistent with that inferred from
the radio relics; these are close to perpendicular to the PA of the SZ
decrement. Figure 7 shows a composite of Chandra X-ray (Ogrean
et al. 2014), weak lensing (Jee et al. 2015), radio emission, and
AMI SZ.
4.1 Estimating the merger stage
The merger history of CIZA J2242+5301 is discussed in e.g. van
Weeren et al. (2011), Stroe et al. (2014a), Jee et al. (2015) and
Akamatsu et al. (2015). van Weeren et al. use simulations of bi-
nary mergers to replicate shock and relic formation and find agree-
ment of simulated shocks with the CIZA J2242+5301 relics using a
2:1 merger with a / 400-kpc impact parameter. Using a total mass
based on X-ray luminosity and the cluster approach speed calcula-
tion of Ricker & Sarazin (2001), van Weeren et al. estimate shock
Mach numbers and, from the relic positions, find a merger stage
of 1.0 Gyr since first core passing. Given the expected extinction
from the high Hi column density (Kocevski et al. 2007) affecting
the X-ray-based mass estimate, and the mass estimate of Jee et al.
(around 4× higher), the merger stage is likely to be earlier. Stroe
et al. (2014a) use radio estimates of the electron-injection index to
find a shock speed of ≈2500 km s−1, and estimate that the merger is
0.6-0.8 Gyr after first core passing. Akamatsu et al. use X-ray mea-
surements of the ICM temperature across the shocks to calculate
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Figure 6. Posterior probability distributions for parameter values of the two
clusters modelled at the SZ mode positions (denoted 1 and 2 in the sub-
scripts), using a full source environment model, and the flux densities, in
mJy, of the three sources closest to the decrement (S1, S2 and S3 in order
of decreasing flux density).
shock speeds, and estimate the system is ≈0.6 Gyr after first core
passing.
We have used the same method as van Weeren et al. (2011)
and Akamatsu et al. (2015), along with the Jee et al. (2015)
mass estimates, to find a relative cluster approach velocity of
v ≈ 2400 km s−1. The two peaks in the lensing-mass reconstruc-
tions and galaxy-number density maps of Jee et al. are separated by
≈1.4 Mpc; assuming the point of core passing is half of this sepa-
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Figure 7. Pink shows Chandra data from (Ogrean et al. 2014). Green shows 300 MHz GMRT radio emission (Stroe et al. 2013). Blue contours show the
weak-lensing mass distribution of (Jee et al. 2015). Black contours are at ±3σSA to ±6σSA, where dashed denotes negative.
ration and that the merging clusters have the same speed, the time
since core passing is ≈0.57 Gyr.
4.2 Gas and dark-matter behaviour during cluster merging
Figure 7 shows a composite map of the X-ray (pink), weak-lensing
(blue contours), SZ signal (black contours – dashed is negative),
and 300-MHz emission (green). The X-ray surface brightness ap-
pears to have two regions, the southern region elongated approx-
imately along the merger axis and the northern region more dif-
fuse. Given the relative positions of the lensing peaks, tracing the
NBDM centres of mass, and the expected merger scenario (Sec.
4.1) of ≈0.6 Gyr since core passing, we interpret these X-ray re-
gions as the progenitor gas cores that have passed each other and
dissociated from their NBDM components, which have moved fur-
ther along their orbital paths.
We suggest the following explanation for the SZ morphology,
which lies between the lensing peaks, orientated close-to perpen-
dicular to the lensing and X-ray PAs. Before core passing, the gas
pressure between the clusters increases in a disc-like structure as
gas slows and builds up due to ram pressure and shocking. Gas is
constrained to move down the pressure gradient, perpendicularly
away from the merger axis. During core passing, the progenitor
gas cores orbit past each other close to the centre of the disc, dis-
placing disc gas. Displacement of gas could re-shape the disc-like
region into a structure similar to a torus. The two SZ peaks thus
may correspond to the two parts of the torus that have the highest
line-of-sight integrals of gas pressure. The density and temperature
are likely to be higher towards the progenitor gas cores, but we de-
tect no SZ signal towards the southern X-ray peak. The proximity
of the western SZ peak to the northern X-ray peak could indicate
that there is some contribution to the SZ emission from this gas.
Due to the lower dependency of the SZ signal to the gas number
density compared to X-ray emission, and the smaller solid angles
subtended by the gas cores compared to the area of the synthesised
beam, they are not visible to the SA. As evidenced in Figure 7,
SZ from the southern X-ray peak will suffer greater beam dilution
than the northern peak, so the SZ decrement visible to the SA is
dominated by the gas flow perpendicular to the merger axis.
The observations agree well with Ricker & Sarazin (2001),
who simulate NBDM and gas surface densities and X-ray surface
brightness for equal mass mergers with a small impact parameter.
The simulated gas surface density and temperature distributions
show structure, perpendicular to the merger axis, forming during
core passing (at an angle consistent with the PA of the observed
SZ), whereas the X-ray surface brightness is dominated by the
gas cores and does not show perpendicular features (see the centre
panel of Figures 3 and 4 of Ricker & Sarazin). Similar perpendicu-
lar structures are also seen in simulations by Poole et al. (2006) and
van Weeren et al. (2011). This is also in agreement with recent sim-
ulations by Donnert et al. (2017), who simulate CIZA J2242+5301
in order to determine masses of the component clusters that would
form a model consistent with the majority of observations.
This SZ observation appears challenging for gravity theories
with no NBDM on galactic and greater scales, for example with the
gravitational constant G that is ≈10× (at the present epoch) larger
than in the Solar neighbourhood, (see e.g. Milgrom 1983 and Israel
& Moffat 2016). In such a scenario, the gas is gravitationally domi-
nant; this is not the case in CIZA J2242+5301 given the following.
First, the weak lensing will be dominated by the gas and, since SZ
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surface brightness (for isothermal gas) traces gas surface density,
the weak-lensing-deduced mass and SZ distributions should coin-
cide. Second, there would be a far greater gravitational opposition
to the lateral gas expansion so SZ, weak-lensing and X-ray distri-
butions would be more circular and co-centred than is observed.
Given the well studied merger scenario and the orientation of the
merger axis with the line of sight, this is a clearer gas and dark-
matter dissociation than in other mergers such as e.g. the Bullet,
where the recognisable X-ray shock feature and the western NBDM
are nearly in the same direction.
5 CONCLUSIONS
(i) SA observations of major merger CIZA J2242+5301 are
analysed in a Bayesian way using a multiple NFW-like cluster
model and a source environment model based on LA and SA
maps. The posterior source-environment model is subtracted to
show an SZ signal from CIZA J2242+5301 that is elongated along
PA≈100◦, close to perpendicular to the merger axis revealed from
X-ray, radio relics, and weak-lensing maps.
(ii) Given the van Weeren et al. (2011) merger scenario and the
weak-lensing mass distribution peak positions, we have used the
Jee et al. (2015). mass estimate to calculate a time since first core
passing of ≈0.6 Gyr.
(iii) The lensing peaks, showing the non-baryonic dark matter
(NBDM), are closely followed by the X-ray emission from the
progenitor gas cores. The SZ signal visible to the SA shows a
high pressure region of the cluster gas and appears as a double
peaked decrement orientated close-to perpendicularly to the axis
of the lensing and X-ray signals, and positioned between the lens-
ing mass peaks. Given the estimated merger stage and scenario, the
SZ decrement morphology implies the following: a disc-like region
of high pressure gas, formed as the progenitors merged, may have
become torus-like when the progenitor gas cores orbited past each
other near the centre of the disc, displacing the disc-gas away from
the disc centre. This is consistent with high density and tempera-
ture structures seen perpendicular to the merger axis in simulations
of equal-mass mergers with small impact parameters.
(iv) The weak-lensing-deduced mass and SZ distributions are
inconsistent with models in which NBDM is not gravitationally
dominant. The resulting weak lensing would necessarily arise from
the gas and be coincident with the SZ and X-ray signals; this is not
what is seen. Further, both lensing and SZ would be more circular
than seen due to greater gravitational opposition to the gas expan-
sion perpendicular to the merger axis.
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